Abstract Shigella sonnei shares many physiological aspects with Escherichia coli; thus, so far no culture-based method has been developed to detect and quantify S. sonnei separately from E. coli. Therefore, little information is available for the growth characteristics of S. sonnei in food. This study aimed to address a systematic scheme to quantify S. sonnei in beef separately from E. coli using quantitative real-time polymerase chain reaction (qRT-PCR) and subsequently predict its growth characteristics. The use of S. sonnei-specific primers in qRT-PCR allowed to obtain growth curves of S. sonnei in beef at different temperatures, and the fitting of curves into a modified Gompertz model let us analyze the growth characteristics such as the lag time, maximum growth rate, and maximum quantity of S. sonnei in beef at different temperatures. A systematic scheme for RT-PCR-based quantification and a predictive modeling described in this study may be a useful means to analyze S. sonnei growth in food.
Introduction
Shigella sonnei is a facultative anaerobic Gram-negative pathogenic bacterium and causes endemic bacillary dysentery such as shigellosis. They spread efficiently via low-dose fecal-oral transmission (Kotloff et al. 1999) and are prevalent in water, vegetables, and meat (Niyogi 2005) . To assess the risk of a shigellosis outbreak by the intake of contaminated food, knowledge about S. sonnei growth characteristics in food is required (Buchanan et al. 2000) . In particular, how the lag time (k), maximum growth rate (l), and maximum quantity (N max ) of S. sonnei relate to temperature is crucial for estimating the transmission of shigellosis via food (Walls and Scott 1997) . The growth characteristics including the k, l, and N max can be analyzed using mathematical models, and a modified Gompertz model is commonly used (Zaika et al. 1994) .
The predictive modeling of the growth characteristics requires precise quantitative information on the growth of S. sonnei in food. However, S. sonnei, human-adapted E. coli (Pupo et al. 2000) , share many physiological aspects with E. coli (Forsythe 2010) ; thus, so far no culture-based methods and selective medium have been developed to detect and quantify S. sonnei separately from E. coli. Little information is available on the growth characteristics of S. sonnei in food. S. sonnei present in food could be detected separately from E. coli via PCR using S. sonnei-specific primers such as primers for invasion plasmid antigen H gene (ipaH) (Thiem et al. 2004) . The ipaH, a gene encoding a virulence-related invasion protein, is carried by S. sonnei but barely by E. coli (Hartman et al. 1990 ). Hence, primer pairs for the ipaH are often applied to the PCR-based method of S. sonnei detection (Thiem et al. 2004; van den Beld and Reubsaet 2012) . Moreover, it was likely that the application of quantitative real-time polymerase chain reaction (qRT-PCR) allowed S. sonneispecific quantification in food with the discrimination from E. coli.
This study was to address a systematic scheme to quantify S. sonnei in beef via qRT-PCR and subsequently predict the growth characteristics of S. sonnei in beef at different temperatures (16, 23, 30 , and 37°C) via a predictive modeling using a modified Gompertz equation, which has hitherto not been reported.
Materials and methods
Freshly cultured S. sonnei ATCC 9290 were suspended in 10 mL 0.85 % w/v NaCl solution and used for the inoculation of TSB (OXOID, Basingstoke, England) and beef. The initial levels of S. sonnei in TSB and chopped beef were 2-3 log CFU/mL g. Inoculated TSB and chopped beef were incubated at 16, 23, 30, and 37°C. During the incubation, S. sonnei in TSB and chopped beef was quantified using plate counts on tryptic soy agar (TSA; OXOID) and qRT-PCR, respectively.
S. sonnei in beef (10-g) was recovered by homogenizing in 90 mL 0.85 % w/v NaCl solution using a stomacher (Bagmixer 400 W, Interscience, St. Nom, France). S. sonnei DNA was extracted from 1 mL of homogenate using a DNA extraction kit (Genomic DNA micro, GeneAll, Seoul, Korea). The extraction procedure was carried out according to the manufacturer's instruction and DNA was eluted in 20 lL elution buffer.
The quantification of S. sonnei DNA was performed with a StepOne Plus real-time PCR system (Applied Biosystems, Carlsbad, CA, USA) using a Taqman universal Mastermix, an invasion plasmid antigen H gene (ipaH)-specific primer pair (forward primer: 5 0 -CCTTTTCCGCGT TCCTTGA-3 0 ; reverse primer: 5 0 -CGGAATCCGGAGGT ATTGC-3 0 ), and a fluorogenic probe (6-carboxyfluorescein-CGCCTTTCCGATACCGTCTCTGCA-6-carboxytetramethylrhodamine) (Applied Biosystems). qRT-PCR was carried out in a 20-lL reaction consisting of 10 lL Taqman universal Mastermix, 1.8 lL of each forward and reverse ipaH-specific primers (900 nM for each), 1 lL probe (250 nM), 1.4 lL deionized water, and 4 lL S. sonnei DNA extract. qRT-PCR was carried out by pre-denaturation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 15 s, and annealing, extension, and fluorogenic probe hybridization at 60°C for 1 min. A standard curve of the threshold cycle (Ct) value versus concentration of S. sonnei DNA (N s ) was generated from the results of qRT-PCR of S. sonnei DNA extracted from a fresh S. sonnei culture in TSB. The concentration of S. sonnei DNA from a fresh culture was spectrophotometrically analyzed and the result was confirmed by plate counts. The Ct value from qRT-PCR with S. sonnei DNA extracted from a beef specimen was entered into the standard curve to calculate the N s . Experiments for the standard curve and S. sonnei quantification using qRT-PCR were performed in triplicate, and the average Ct value from three analyses was used further. Growth curve values of S. sonnei were subjected to GraphPad Prism software v. 4.03 (GraphPad Software, San Diego, CA, USA) to determine the growth characteristics of S. sonnei based on a modified Gompertz model. The modified Gompertz model is given by
Þ , where N G s is N s estimated from the fitting to a modified Gompertz model, A is the logarithmic value of the maximum quantity (N max ) divided by the initial quantity (N 0 ) of S. sonnei, t is the incubation time, e is the mathematical constant (approximately 2.718), k is the lag time, and l is the maximum growth rate.
Results and discussion
The plot of Ct value versus concentration of S. sonnei DNA is presented in Fig. 1 . The ipaH gene possessed by S. sonnei was specifically amplified with a linear relation between the concentration of DNA and the Ct value. However, the Ct value obtained from 1.2 9 10 5 S. sonnei DNA per reaction was rather deviated from the linear line from 1.2 9 10 1 to 1.2 9 10 5 S. sonnei DNA per reaction (Fig. 1) . Taq polymerase involved in qRT-PCR is likely to lose its enzymatic activity with the repetition of thermal cycle, which results in poor PCR efficiency around 40 thermal cycles. The delay of the Ct value was frequently observed when a few target DNAs were introduced to qRT-PCR, which adversely affected the linearity of the plot. In the preparation of the standard equation, the Ct value at Fig. 1 Standard curve generated by plotting the log of S. sonnei DNA concentration versus threshold cycle 1.2 9 10 0 S. sonnei DNA per reaction was not included for the quantification accuracy (Fig. 1) . Therefore, the limit of quantification of qRT-PCR was approximately 5 9 10 2 CFU g -1 of S. sonnei in beef as S. sonnei DNA in a 10-g beef specimen was homogenized with 90 mL sterilized saline solution, and S. sonnei DNA in 1 mL of homogenized solution was extracted in 20 lL of DNA elution buffer.
The amount of S. sonnei DNA extracted from beef specimen could be quantified with the Ct value from qRT-PCR and the standard equation as beef specimen was inoculated with S. sonnei more than 5 9 10 2 CFU g -1 . As S. sonnei in beef grew during the storage, we could build the growth curves of S. sonnei in beef specimens at different temperatures (16, 23, 30 , and 37°C) based on qRT-PCR (Fig. 2B) , whereas, using culture-based method, we could not quantify S. sonnei in beef with the discrimination from inherent bacteria in beef (approximately 3.11 log CFU mL -1 ) due to the absence of selective media for S. sonnei. As generally observed from bacterial growth in food, the greater the storage temperature, the greater the number of S. sonnei and the faster the S. sonnei growth (Fig. 2B) . To objectify the observation on S. sonnei growth in beef, the growth curves were fitted to a modified Gompertz model, and the growth characteristics including the k, l, and N max of S. sonnei at different temperatures were analyzed (Table 1) . Additionally, in order to compare the growth characteristics of S. sonnei in beef with those in Fig. 2 Growth curves of S. sonnei in (A) TSB and (B) chopped beef at 16 (filled circle), 23 (gray-shaded circle), 30 (filled inverted triangle), and 37°C (gray-shaded triangle) and non-linear regression with a modified Gompertz model TSB, the growth of S. sonnei in TSB was quantified using a culture-based method, and its growth characteristics were analyzed in the same manner for a predictive modeling done for S. sonneiin beef ( Table 1) . As the temperature increased, the k and l of S. sonnei in both TSB and beef decreased and increased, respectively (Table 1) . However, the N max in TSB reached the values above 9.0 log CFU mL -1 at any temperature, but the N max in beef increased as the temperature increased (Table 1) . S. sonnei in beef might get supplied with nutrients from the degradation of beef muscle tissue. Nutrient availability probably enhanced the difference in the N max of S. sonnei between TSB and beef. Interestingly, at 16 and 23°C, the k values of S. sonnei grown in beef were greater than those of S. sonnei grown in TSB, while at 30 and 37°C the opposite was observed (Table 1) . We often observed less k values for bacteria grown in meat and meat products than those grown in ideal culture media such as TSB, even in bacteria other than S. sonnei (data not shown). There might be specific factors in food that accelerate the adaptation required for bacteria to begin to grow.
It is expected that the growth characteristics of S. sonnei in other foods will be allowed using a scheme for RT-PCRbased S. sonnei-specific quantification and a subsequent modeling demonstrated in this study.
